The Southern Ocean provides one of the largest environmental gradients on Earth that lacks geographical barriers, and small but highly mobile petrels living there may offer fine models of evolution of diversity along environmental gradients. Using geolocation devices, we investigated the winter distribution of closely related petrel species breeding sympatrically in the southern Indian Ocean, and applied ecological niche models to compare environmental conditions in the habitat used. We show that thin-billed prions (Pachyptila belcheri), Antarctic prions (Pachyptila desolata) and blue petrels (Halobaena caerulea) from the Kerguelen archipelago in the southern Indian Ocean segregate latitudinally, sea surface temperature being the most important variable separating the distribution of the species. Antarctic prions spent the winter north of the Polar Front in temperate waters, whereas blue petrels were found south of the Polar Front in Antarctic waters. Thin-billed prions preferred intermediate latitudes and temperatures. Stable isotope values of feathers reflected this near complete niche separation across an ecological gradient that spans large scales, and suggest evolutionary isolation by environment. In pelagic seabirds that exploit large areas of ocean, spatial niche partitioning may not only facilitate coexistence among ecologically similar species, but may also have driven their evolution in the absence of geographical barriers.
Introduction
Individual movements and behaviour are inextricably linked to habitat characteristics, which determine the distribution and availability of trophic resources. In the oceans, the more productive areas are often in cold-water or upwelling regions where higher nutrient availability sustains productive food webs. Seabird species often breed in large communities and target productive areas within their foraging range, leading to intense competition for resources [1] and reduced foraging efficiency [2] . Seabirds can avoid interspecific competition at least partially by ecological segregation in foraging areas [3, 4] , diving depths [4, 5] or diet choice [6, 7] . However, little is known from pelagic birds during the non-breeding season, when seabirds forage over much larger spatial scales. Among the most abundant small seabirds worldwide, prions (Pachyptila spp.) and closely related blue petrels (Halobaena caerulea) inhabit the open waters of the Southern Ocean. As these small petrels are very similar in size, foraging techniques and diet during the breeding season, it has been suggested that they may be suitable model species in the context of niche partitioning and community assembly rules [8, 9] . In the southwest Atlantic Ocean, thin-billed and Antarctic prions had divergent patterns of migration, resulting in nearly complete spatial segregation (0-5% overlap by month, [10] ). Consistent foraging in different water masses during the non-breeding period has, furthermore, been inferred from feather stable isotope ratios [11] [12] [13] .
Here, we deployed geolocators during the non-breeding period and measured feather stable isotopes on three closely related species of petrels that breed in sympatry at the Kerguelen archipelago (southern Indian Ocean). The study highlights the spatial segregation and species-specific wintering strategies along a latitudinal gradient from Antarctica to the subtropics, where they all feed primarily on crustaceans.
Methods
Prions and blue petrels breed on Southern Hemisphere islands, mainly in sub-Antarctic waters. At Kerguelen, there are large colonies of Antarctic prions, thin-billed prions and blue petrels [14] . During the incubation period 2011/2012, we worked on two closely located islands of the Golfe du Morbihan to attach 1 g leg-mounted geolocators (GLS, see [10] ) to 20 Antarctic prions at Ile Verte (49851 0 S, 70806 0 E), 29 thin-billed prions and 20 blue petrels at Ile Mayes (49847 0 S, 69895 0 E). Devices were retrieved in the following season from 10 Antarctic prions, 19 thin-billed prions and 16 blue petrels (see the electronic supplementary material, S1). Processing of geolocator data was carried out as described previously [10] . The realized niches of the two species were modelled and extrapolated using MAXENT v. 3.3.3k [15] , as described previously ( [10] , for details, see the electronic supplementary material, S2).
Feather stable isotope values were determined after recapture of the birds carrying GLS, and were thus grown simultaneously to the GLS tracking, in the austral winter 2012. For details on stable isotope measurements, see the electronic supplementary material, S2. Isotopic niches were compared using ANOVA in R v. 3.0.2., Layman metrics [16] and the Bayesian approach based on (small sample size corrected) standard ellipse metrics (SEAc) [17] . Data access: the datasets supporting this article will be uploaded to Movebank (www.movebank.org).
Results
The species showed strong spatial segregation in interbreeding distributions (figure 1a). Antarctic prions spent the winter north of the Polar Front, whereas blue petrels were found south of the Polar Front in Antarctic waters and thin-billed prions preferred intermediate latitudes, on both sides of the Polar Front (figure 1a). MAXENT ecological niche models were fitted and achieved good area under curve (AUC) values (table 1) . The projected suitable habitat likewise showed different areas for the three species, with a clear latitudinal segregation (figure 1b). The suitable habitat during the non-breeding season was most northerly for Antarctic prions, intermediate for thin-billed prions and most southerly for blue petrels (figure 1b).
Sea surface temperature was the only relevant parameter for blue petrels, the most important parameter for Antarctic prions, and it also achieved a high importance in the 
Discussion
To the best of our knowledge, this study is the first to look at spatial segregation in winter of three closely related seabirds breeding in sympatry, with the study being conducted in the same year.
Although the three species are very similar in size and feeding methods [8, 9] , and breed at the same site in very large numbers, our results indicate that the high mobility of these small petrels facilitates their spatial segregation at large scales far from their breeding grounds at Kerguelen. Thus, in winter, spatial segregation allows the coexistence of these three abundant species. The distribution of three species from Kerguelen did not result from random dispersal, but rather suggests a strong degree of specialization in wintering regions specific to the species. When comparing the wintering sites in Table 1 . (a) Stable isotope values (mean + s.d.) and (b) estimates of model fit and relative contributions of the environmental variables to the MAXENT model, normalized to percentages (values over 10% are marked in bold), for the non-breeding period of two prion species and blue petrels from Kerguelen. (To determine the permutation importance, for each environmental variable in turn, the values of that variable on training presence and background data are randomly permuted. The model is re-evaluated on the permuted data, and the resulting drop in training AUC is shown in the the South Atlantic Ocean [10] versus Indian Ocean (this study) similar patterns were found: observed and predicted wintering sites for Antarctic prions are at lower latitudes than for thin-billed prions, and the most important oceanographic parameters identified by the models were sea surface temperature and mean chlorophyll a concentration. Stable isotope values of feathers grown during the non-breeding period [11] [12] [13] support these niche differences for multiple years. Antarctic and sub-Antarctic latitudes are characterized by a small number of dominant swarming crustacean species-krill and hyperiid amphipods-which is consistent with the small range in d
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N-values in blue petrel and thin-billed prion compared with Antarctic prion with considerably more variation in its diet ( figure 2) .
The present data fit well within current ideas on the evolution of diversity along environmental gradients [18] and isolation by environment [19] . In the Southern Ocean, geographical barriers are lacking and given the high mobility of the petrels, allopatric speciation and isolation by distance are difficult to imagine. Doebeli & Dieckmann [18] modelled evolutionary branching along an environmental gradient, and found that mechanisms of frequency-dependent selection can readily result in patterns of spatial segregation and the emergence of sister species, even in the absence of geographical barriers. Thus, environmental gradients may lead to disruptive selection for specialization and the evolution of sister species with differential adaptations. As the Southern Ocean provides one of the most extended environmental gradients on Earth, the small, highly mobile petrels inhabiting it may offer fine models of isolation by environment and more specifically, the evolution of diversity along environmental gradients. rsbl.royalsocietypublishing.org Biol. Lett. 11: 20141090 
